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In flowering plants (angiosperms), intercellular communication during pollination involves a complex cross talk between the gametophytes and several maternal tissues of the receptive pistil. Diverse self/nonself recognition mechanisms determine whether pollen germination takes place and whether maternal reproductive tissues support compatible pollen tube growth. In Arabidopsis thaliana stigmatic tissues, the transmitting tract and ovules generate a variety of signaling molecules like Exo70A1, S-azadecalins, plantacyanin, as well as LUREs and EC1s, all essential for successful pollen hydration, germination, growth across the transmitting tract, and double fertilization (for review, see Dresselhaus and Franklin-Tong, 2013) . In addition to signaling molecules, both stigmatic papilla and the extracellular matrix of the transmitting tract also provide nutrients like carbohydrates, proteins, and glycoproteins, which support pollen tube growth. Several studies have shown that especially members of subgroups of the Cys-rich peptide (CRP) superfamily play key roles during reproduction (Schopfer et al., 1999; Park et al., 2000; Okuda et al., 2009; Amien et al., 2010; Sprunck et al., 2012) . Initially, plant CRPs with antimicrobial activity were characterized and named as defensins (DEFs) due to their activity and structural similarity to insect and mammalian defensins. Like their animal counterparts, plant defensins were believed to be involved primarily in the immune response . Later, it was shown that plant CRPs are strongly overrepresented and highly expressed in both male and female gametophytes (pollen and embryo sacs), respectively (Huang et al., 2015) . This indicated that they may be involved in protecting the important generative cells and may have novel roles in reproduction or even multiple functions. In particular, members of the DEF-like (DEFL) group of CRPs have been shown to be involved in self-incompatibility responses (SCR/SP11), species-preferential pollen tube guidance (LUREs), or pollen tube burst (ZmES4). Some still possess antimicrobial activity (for review, see Qu et al., 2015; Bircheneder and Dresselhaus, 2016) . Like DEFs/DEFLs, members of other ancient and polymorphic gene families such as receptor-like kinase (RLKs) appear to mediate intercellular communication during both the immune response and reproduction. FERONIA, for example, controls pollen tube burst and acts as a negative regulator of the immune response to bacterial and fungal pathogens (Escobar-Restrepo et al., 2007; Kessler et al., 2010) .
These studies point toward the necessity of investigating the convergence of angiosperm fertilization and immunity in a more systematic manner to obtain a deeper insight into the makeup and evolution of the complex network of intercellular signals exchanged by male and female gametophytes and with the maternal tissues during reproduction.
The pistil represents an ideal system in which to investigate and compare the molecular and evolutionary connections of reproduction and immune response, because the nutrient-rich environment regulating germination, invasion, and growth of pollen tubes also promotes fungal colonization. Previously, it has been suggested that the response of the pistil to foreign or incompatible pollen might bear similarities with the reaction to fungal invasion (Sanabria et al., 2008; Dresselhaus and Márton, 2009 ). To test this hypothesis, we used different Arabidopsis species to study the relationship between the immune response and pollination-associated processes at the transcriptomic level. Specifically, we chose closely related Arabidopsis thaliana (self-compatible) as well as Arabidopsis halleri and Arabidopsis lyrata (both self-incompatible) as our model systems. Notably, A. lyrata and A. halleri also form hybrids in nature (Shimizu-Inatsugi et al., 2009) and are reproductively isolated from Arabidopsis thaliana. Transcriptomic studies in these species are supported by the availability of their completely sequenced genomes as well as curated functional annotations and gene ontologies for A. thaliana. We chose Fusarium graminearum, a well-known flowerinfecting fungus and one of the economically most important pathogens causing Fusarium head blight (FHB) in many cereals and cob rot in maize (Zea mays; McMullen et al., 2012) . Infection by F. graminearum is facilitated at anthesis by conidia or ascospores attaching to pollen and anthers, from which mycelia colonize the soft tissue of stigmas and ovaries (Miller et al., 2004) . Similarly, F. graminearum successfully infects flowers of the model plant species A. thaliana, thus advancing a useful translational model for more rapid studies of host-pathogen interactions (Brewer and Hammond-Kosack, 2015) .
We identified candidate genes differentially expressed in either or both processes by comparing differentially expressed genes (DEGs) in pistil transcriptomes of A. thaliana and A. halleri responding either to fungal infection or to self-specific as well as interspecific pollination. Here, we report the identification of genes associated with biological processes commonly as well as specifically regulated during both defense and various pollinations. The data set presented is a valuable resource for in-depth analyses of plant-pathogen interactions and puts forward candidate genes that may be involved in fertilization and the establishment of prezygotic reproductive barriers in the genus Arabidopsis.
RESULTS
Morphological Characteristics of A. thaliana and A. halleri Pistils during Pollination and Infection with F. graminearum
To identify optimal time points for transcriptome profiling, we first carried out a morphological characterization of Arabidopsis pistils during pollination and fungal infection. All experimental and control treatments were performed 24 h after flower emasculation (Fig. 1A) . Pistils treated with pollen from the same species (selfed) or with pollen from A. halleri or A. lyrata were collected 8 h after pollination (HAP). In all cases, substantial pollen tube growth was observed, making this time point ideal for sample collection (Fig. 1, B and C) . Although pollen tubes reached the abaxial end of the transmitting tract and several of them advanced along the funiculus toward the ovule, seed set was detected only from selfings of A. thaliana and to a lesser extent also from A. halleri. Crosses involving A. halleri or A. lyrata pistils and A. thaliana pollen were not performed because of previously documented unilateral incompatibility of crosses between pistils of self-incompatible and pollen of selfcompatible species (Lewis and Crowe, 1958; Müller et al., 2016) .
A separate group of pistils treated exclusively with F. graminearum was collected 3 d after dipping and spraying emasculated flowers with conidia solution and incubation in a moist chamber under long-day conditions. This inoculation approach ensured effective Fusarium infection and avoided artifactual responses (e.g. through incubation in the dark or leaf infiltration with a syringe).
The surface of infected pistils of both species collected 3 d after infection (DAI) showed profuse hyphal growth (Fig. 1 , Di and E), particularly on and inside the stigma as well as inside the vasculature and transmitting tract (Fig. 1D , ii and iii). Pistils collected 24 h after emasculation, but otherwise untreated, were used for comparison with pistil treatments. However, this approach does not address all possible effects, including inoculation stress and the age differences of some samples. Samples of untreated and infected cauline leaves were included to identify pistil-specific differential gene expression by excluding genes up-or down-regulated in both pistils and leaves during Fusarium infection. As documented in pistils, Fusarium hyphae also grew on the surface of inoculated leaves of both species ( Supplemental Fig. S1 ); however, proliferation was weaker, possibly hindered by trichomes.
Global Comparison of Pistil Transcriptomes between
A. thaliana and A. halleri Total RNA from pistils infected with Fusarium or pollinated (selfed or interspecific) was employed to compare the dynamics of gene expression with untreated pistils. RNA sequencing yielded reads with a mean quality score of 36 or greater for over 94% of the reads in all biological replicates (Table I; Supplemental  Table S1 ), indicating that the base call accuracy of sequencing was well above 99.9% (Ewing and Green, 1998) . After quality control and trimming, reads were mapped to the corresponding Columbia-0 TAIR10 version of the A. thaliana genome or to version 1.1 of the A. halleri genome. Table I summarizes the most important aspects of RNA sequencing (RNA-seq), mapping, and differential gene expression analysis. The reproducibility of RNA-seq results was confirmed with quantitative PCR (qPCR) assays on a set of 14 candidate DEFLs, as shown in Supplemental Figures S2 and S3 . Correlation analysis showed a value of r 2 = 0.83 between the log 2 fold changes detected by RNA-seq and qPCR.
Of the total number of reads obtained from A. thaliana samples, 90% or more mapped to the reference genome, indicating the reliability of the sampling. In most of the samples from A. halleri, about 70% of the reads obtained could be mapped. In both species, the lowest proportion of mapped reads corresponds to samples obtained from pistils infected with F. graminearum, indicating that a portion of unmapped reads corresponded to the fungal transcriptome (Table I) . On average, A. thaliana expressed 18,754 genes in pistils (65% of the total annotated genes), while the expression of about 17,411 genes (70%) was detected in A. halleri.
To maintain similar levels of variation between the biological replicates investigated, principal component analysis and box plots were employed to select the two most similar of three samples initially obtained for each experimental and control condition (Supplemental Table S1 ). Differential gene expression analysis was based on read counts from pollinated and infected pistils compared with those obtained from unpollinated pistils of A. thaliana and A. halleri, respectively. DEGs were those with a false discovery rate (FDR)-corrected P , 0.0005 and an expression log 2 fold change $ 2 (upregulation) or # 22 (down-regulation) and that are expressed with an RPKM (reads per kilobase per million mapped reads) $ 1. The lists of DEGs in each comparison Figure 1 . Study design and morphology of pistils during pollination or infection with F. graminearum. A, Diagram describing the timeline for the treatment and collection of Arabidopsis pistils and leaves employed for transcriptome profiling of pollination or F. graminearum infection. B, Aniline Bluestained mature emasculated A. thaliana pistils: unpollinated (i) and 8 HAP with own pollen (ii), pollen from A. lyrata (iii), or pollen from A. halleri (iv). C, Mature emasculated A. halleri pistils: unpollinated (i) and 8 HAP with own pollen (ii) and pollen from A. lyrata (iii). D, F. graminearum hyphae stained with wheat germ agglutinintetramethylrhodamine (WGA-TMR) 3 DAI on the surface of pistils from A. thaliana (i). At 3 DAI, F. graminearum hyphae proliferate heavily on the stigma and colonize the interior of the pistil using the vasculature (ii). F. graminearum hyphae grow through the transmitting tract (iii). E, F. graminearum hyphae stained with WGA-TMR 3 DAI on the surface of pistils from A. halleri. All scale bars are 50 mm.
as well as their corresponding fold change and RPKM values are provided in Supplemental Data S1. Generally, in both A. thaliana and A. halleri, differential expression analysis detected a significantly higher number of downregulated than up-regulated genes (Table I) . While pistil infection resulted in transcriptional changes ranging from 6.7% to 8% of the total annotated genes, pistil pollination resulted in differential expression of at most 1% (Table I ). In comparison with infected pistils, leaf infection resulted in an even smaller proportion, ranging from 2% to 5% DEGs (Table I) .
To determine genes that are significantly represented in response to pollination and fungal infection, we focused on three major groups of DEGs: (1) those detected only in Fusarium-infected pistils, (2) those identified in both infected and pollinated pistils, and (3) those found only in pistils treated with interspecific pollen (the three groups are indicated with squares, circles, or stars in Fig. 2) . To increase the representation of pistil-specific genes in our analysis, we excluded all DEGs present in both pistils and Fusarium-infected leaves (indicated with black circles in Supplemental  Fig. S4 ).
Differential Gene Expression Exclusive to FusariumInfected Pistils of Arabidopsis
In both Arabidopsis species analyzed, the largest proportion of DEGs were those expressed exclusively in pistils 3 DAI with F. graminearum (indicated with squares in Fig. 2 ). GO analysis of DEGs up-regulated in infected pistils shows an overrepresentation of those involved in the immune response to Fusarium as well as the associated hypersensitive response (Fig. 3A) . Among the diverse aspects of the immune response represented in the infected pistil transcriptome are detoxification, production of antifungal substances, response to hormone signaling, pathogen detection, and killing and programmed cell death (PCD).
Deoxynivalenol (DON) is the most prevalent and economically important Fusarium toxin because it provokes acute and chronic disease symptoms in mammals that consume contaminated grains (Bennett and Klich, 2003) . In the transcriptome of infected pistils, we observed the up-regulation of the key detoxification gene DONGlucosyltransferase1 (AT2G36800; Poppenberger et al., 2003; Desmond et al., 2008) . Other UDP-glycosyltransferases also were up-regulated in pistils of both species 3 DAI (Supplemental Data S2 and S3), suggesting that the enzymes encoded by this gene family have an important role in the response to Fusarium infection. Furthermore, we detected a significant increase in the expression of several genes regulating the production of secondary metabolites with antifungal properties, specifically those encoding CYP79B2, CYP79B3, CYP71A13, GSTF6, and GGT1 ( Fig. 3B ; Supplemental Data S2), which are involved in the synthesis of Trp-derived indole glucosinolates and camalexin, the major phytoalexin of A. thaliana (Bak and Feyereisen, 2001; Smolen and Bender, 2002; Naur et al., 2003; Clay et al., 2009) . Camalexin is probably increased further by the up-regulated gene products MKK9 and MPK3, which transcriptionally activate and phosphorylate WRKY33, an important positive regulator of this pathway ( Fig. 3B ; Xu et al., 2008) . In this context, the simultaneous up-regulation of 16 candidate genes encoding glutathione S-transferases indicates that indole glucosinolates might be further metabolized into additional secondary metabolites with antimicrobial activity (Supplemental Data S2).
Salicylic acid (SA), jasmonic acid (JA), and ethylene play major roles in regulating plant defense responses against diverse pathogens. GO analysis suggests that, in infected pistils of A. thaliana, almost as many For each species, nonpollinated pistils or untreated leaves were the points of reference for calculating differential expression. Differential expression is log 2 fold change $ 2 for up-regulation or # 22 for down-regulation, FDR-corrected P # 0.0005. Values in parentheses are the number of genes differentially expressed, as a percentage of the total number of genes in each species.
candidate genes responsive to JA and SA signaling were up-regulated (Supplemental Data S2; some candidates are shared between lists). Furthermore, in infected pistils of both species, we observed the up-regulation of LIPOXYGENASE1, a key enzyme in the synthesis of JA, as well as the ethylene-and jasmonate-responsive plant defensin genes PDF1.2b, PDF1.2c, and PDF1.3 and the A. halleri homolog of PDF1.2a. On the other hand, three known markers of SA signaling were significantly up-regulated in A. thaliana infected pistils: NONEXPRESSOR OF PR1 and PHYTOALEXIN DEFICIENT4 as well as several genes encoding PR proteins.
In the transcriptome of infected pistils, we further detected significant up-regulation of pattern-recognition receptor-like kinases, which recognize and initiate patterntriggered immunity. The signal-specific activation of plant pattern-recognition receptors by microorganismassociated molecular patterns leads to the up-regulation of genes encoding PR proteins, like peroxidases, DEFLs, germins, and chitinases (Fig. 3C) . Genes encoding NBS-LRR proteins, cytoplasmic immune receptors, are the largest family of receptors significantly up-regulated ( Fig. 3C ; Supplemental Data S2).
To determine whether the immune response to Fusarium triggered PCD in pistils 3 DAI, we performed a crosscomparison between DEGs in Fusarium-infected pistils and predictive markers for PCD induced by biotic stress Figure 3 . The transcriptome of Fusarium-infected pistils is enriched in up-regulated genes associated with the immune response. A, GO term overrepresentation of genes up-regulated only in A. thaliana pistils infected with F. graminearum. The top 20 terms with enrichment of 2-fold or greater and Bonferroni-corrected P # 0.05 are considered. Complete overrepresentation analyses are provided in Supplemental Data S2 (A. thaliana) and Supplemental Data S3 (A. halleri). B, In infected pistils, genes of the secondary metabolism are up-regulated encoding proteins involved in the synthesis of antimicrobial substances like camalexin. This pathway highlights the relationship between key regulators of camalexin biosynthesis, which are up-regulated 2 log 2 fold or greater in A. thaliana pistils 3 DAI with F. graminearum. This diagram was adapted from Ahuja et al. (2012) . C, Number and diversity of up-regulated genes encoding pathogenesis-related proteins as well as other proteins involved in the immune response. D, Localization pattern of the PCD marker AtCEP1-EGFP in the ovule as indicated. Scale bars are 50 mm. (Olvera-Carrillo et al., 2015) . This analysis identified a group of 47 and 24 up-regulated genes from diverse gene families in A. thaliana and A. halleri, respectively (Supplemental Data S2 and S3). Among the up-regulated markers of PCD are AtCEP1, AtCEP2, and CONSTITU-TIVELY ACTIVATED CELL DEATH1 (Morita-Yamamuro et al., 2005; Helm et al., 2008) . To investigate whether AtCEP1 protease activity also is induced after Fusarium infection, we studied AtCEP1-EGFP expression and its influence on tissue morphology in ovules of A. thaliana 3 DAI with F. graminearum. Specifically, fluorescent signals of AtCEP1-EGFP were distributed over the entire ovules of infected pistils (Fig. 3Diii) . In untreated and mockinfected pistils, the signal was restricted to the nucellus cells surrounding the chalazal pole of the central cell (Fig.  3D, i and ii), as documented previously (Zhou et al., 2016) . Associated with a widespread expression pattern of AtCEP1-EGFP during fungal infection, we observed the disintegration of outer ovule integuments and the collapse of tissues (Fig. 3Diii) . In summary, we observed signs of PCD triggered by fungal infection at both the transcriptional and morphological levels.
At least 634 genes (between 35% and 40%) downregulated during pistil Fusarium infection are shared between A. thaliana and A. halleri. In this group, genes associated with GO terms involving cell division and growth are overrepresented (Fig. 4) . Table II summarizes the complex immune response by listing genes annotated with four or more of the 12 GO terms shared by the downregulated genes of A. thaliana and A. halleri. These include genes encoding kinesins, chromatin assembly factors, the transcription factor CUC2, as well as the LRR receptorlike kinases STRUBBELIG and ERECTA. While almost half of the genes listed are involved in cell division, there is also a large group of candidates additionally associated with growth; thus, a clear-cut grouping of the processes affected and the genes involved was not possible.
DEFLs Form a Large, Evolutionarily Conserved Group of Genes Down-Regulated during Both Pollination and Fusarium Infection
The second major group of DEGs was formed by those down-regulated during both fungal infection and pollination (numbers circled in Fig. 2) . In both species, down-regulated genes are up to 79% of those differentially expressed during pollination and in response to fungal infection (Fig. 2, C and D) . Interestingly, GO term overrepresentation analysis among down-regulated genes shows that a significant number are involved in defense Table II . Genes down-regulated by F. graminearum and annotated with four or more overrepresented cell division or development GO terms in both A. thaliana and A. halleri Each gene belongs to either or both of two major groups of overrepresented GO terms. X, Cell division GO terms: mitotic cell cycle process (GO:1903047), mitotic cell cycle (GO:0000278), cell cycle process (GO:0022402), cell division (GO:0051301), cell cycle (GO:0007049). Y, Development GO terms: regulation of anatomical structure morphogenesis (GO:0022603), unidimensional cell growth (GO:0009826), developmental growth involved in morphogenesis (GO:0060560), gametophyte development (GO:0048229), phyllome development (GO:0048827), anatomical structure morphogenesis (GO:0009653), tissue development (GO:0009888).
GO Groups
Gene Relative to mature emasculated pistils, FC = log 2 fold change $ 2 for up-regulation or # 22 for down-regulation, FDR-corrected P # 0.0005.
responses to fungus or cell killing (Fig. 5A) , are classified as pathogenesis-related proteins (Fig. 5B) , and most encode DEFLs ( Fig. 6 ; Supplemental Data S2 and S3). In A. thaliana, 75% of these DEFLs are closely related gene duplicates and form part of CRP subgroups CRP0570 and CRP0830. Whereas members of CRP0570 are annotated as low-molecular-weight Cys-rich peptides (LCRs), those in subgroup CRP0830 encode pollen coat proteins related to the S-locus Cys-rich protein SCR and the S-locusrelated1-binding protein SLR1-BP (Fig. 6A ). In the same conditions, A. halleri pistils reproduce the pattern of expression observed in A. thaliana pistils during pollination and in fungal infection. In A. halleri, several of the down-regulated DEFLs also belong to subgroups CRP0570 and CRP0830 (Fig. 6B) . However, we noticed that several additional A. halleri members of these subgroups are down-regulated only in Fusariuminfected pistils (Supplemental Fig. S5 ).
Genes Involved in the Response to Stress Are Up-Regulated during Both Pollination and Pathogen Infection
In A. thaliana and A. halleri, up-regulated genes are at most 35% of those differentially expressed both during pollination and in the course of fungal infection (Fig. 2,  A and B) . Among these genes, the GO terms response to stimulus and response to stress are most significantly overrepresented (Supplemental Data S2 and S3) . Genes associated with these terms encode proteins deployed to counteract xenobiotic toxins and the damaging effects of reactive oxygen species, mostly glutathione S-transferases, members of the cytochrome P450 gene family, camalexin synthase, heat shock proteins, peroxidases, chitinase, the LRR-RLK IOS1, a well-known regulator of pattern-triggered immunity (Hok et al., 2011 (Hok et al., , 2014 , as well as the transcription factor JUNG-BRUNNEN1, an important regulator of cellular hydrogen peroxide levels and reactive oxygen species-induced stress responses (Wu et al., 2012) .
Genes Associated with Pathogen Detection and Killing Are Up-Regulated in Arabidopsis Pistils Exposed to Foreign Pollen
Genes differentially expressed only in response to pollen from other Arabidopsis species form the third major group detected in our analysis (indicated with stars in Fig. 2 ). The 152 differentially up-regulated genes expressed in A. thaliana pistils pollinated with A. lyrata or A. halleri pollen were significantly enriched with genes encoding extracellular proteins, mostly associated with plant defense-like thionins, DEFLs, and thaumatin but also others like RALFs ( Fig. 7A ; Supplemental Data S2). In contrast, pollination of A. halleri pistils with A. lyrata pollen did not result in the Figure 5 . Among the genes down-regulated both in infected pistils and during pollination, those involved in pathogen killing prevail. A, Results of GO term overrepresentation analyses of genes down-regulated during both Fusarium infection and pollination. GO terms indicated with asterisks are those overrepresented in both A. thaliana and A. halleri lists of down-regulated genes. B, MapMan diagram illustrates the different aspects of biotic stress represented among down-regulated genes in A. thaliana pistils during both Fusarium infection and pollination. Color intensity reflects log 2 fold change $ 2. Mapman figure re-drawn from original to improve image quality.
up-regulation of those gene families (Supplemental Data S3). In fact, we detected the down-regulation of several genes most similar to A. thaliana NBS-LRR disease resistance genes, a DEFL, the PCD protease AtCEP1, and the gene encoding MOS7, a regulator of the immune response (Cheng et al., 2009; Fig. 7B) .
Mapping the patterns of expression of thionin genes on their molecular phylogeny showed that those genes up-regulated in interspecific pollination were closely related and belong to three well-supported clades with duplications specific to A. thaliana ( Fig. 7C;  Supplemental Fig. S6 ). Most of the thionins belong to the CRP2460 and CRP2410 subgroups, which, like other CRP subgroups, are composed of genes forming several smaller clades.
A closer look to the annotation of genes up-regulated in response to foreign pollen identified RLP24, encoding a receptor-like protein with an extracellular LRR domain (AT2G33020), and NOI1, an RPM1-interacting4 family protein (AT5G63270). Both candidates belong to families usually associated with the detection of pathogens or their elimination (Supplemental Data S2). Similarly, in A. halleri, genes encoding proteins homologous to the receptors EFR and FLS2 were up-regulated. In A. thaliana, these LRR receptor-like Ser/Thr protein kinases are key in the identification of pathogen molecules and the initiation of the intracellular signaling cascade that triggers the immune response (Greeff et al., 2012) . In summary, the up-regulation of genes during interspecific pollination encoding proteins involved in the recognition of pathogens and defense responses indicates evolutionary connections between the reaction to pathogens and foreign pollen that are relevant to the establishment of prezygotic reproductive barriers.
DISCUSSION CRP Group Genes Are Differentially Regulated in Pistils Invaded by Fusarium or Foreign Pollen Tubes
The superfamily of CRPs includes well-known effectors of the immune response in plants, like DEFLs, thionins, lipid transfer proteins, and snakins (Epple et al., 1997; Silverstein et al., 2007) . While many CRPs also are involved in other functions, like stem cell regulation, cell proliferation, and epidermal patterning, in the last 10 years, a growing number of studies describe the involvement of CRPs (mostly DEFLs) in key processes during plant reproduction ranging from selfincompatibility, pollen tube guidance and burst, to sperm cell activation and seed development (for review, see Bircheneder and Dresselhaus, 2016) . In this Figure 6 . Conserved down-regulation of DEFL protein genes during both Fusarium infection and pollination. A, Genes encoding DEFLs are the largest group of down-regulated genes during both pollination and fungal infection. In A. thaliana, about 75% of these belong to subgroups CRP0570 and CRP0830. B, In A. halleri, a similar pattern was observed. study, we report two novel patterns of differential gene expression of specific CRP genes: (1) the up-regulation of genes encoding thionins, DEFLs, and RALFs in pistils of A. thaliana exposed to foreign pollen, and (2) the down-regulation of other DEFLs during defense and fertilization. The observation that A. thaliana is reproductively isolated from A. halleri and A. lyrata suggests that the up-regulation of genes associated with immunity in response to interspecific pollen (e.g. IOS1, RLP, NOI1, thionins, DEFLs, and RALFs) may represent part of the active process of pollen tube rejection. Thionins are plant-specific CRPs toxic to bacteria, fungi, and yeast, and their expression can be induced by phytopathogenic fungi (Terras et al., 1993; Vignutelli et al., 1998; Iwai et al., 2002) . In A. thaliana, nearly 70 genes encoding thionins have been annotated; most of them are expressed in the inflorescence and siliques at relatively low levels, while a handful are expressed all over the plant (Supplemental Fig. S7) . Most of the up-regulated thionins in pistils pollinated with foreign pollen are closely related and specifically expressed in flowers. The expression of some thionins in pollen, pollen tubes, developing seeds, ovules, and individual cells of the female gametophyte has been reported before in A. thaliana (Jones-Rhoades et al., 2007; Wuest et al., 2010; Leydon et al., 2013; Huang et al., 2015) , but their specific roles in reproduction have not been investigated. Other groups of up-regulated genes encoding secreted peptides that could feasibly contribute to interspecific pollen tube rejection include RALF-like CRP peptides. In this context, AtRALFL6 and AtRALFL13 might contribute to the inhibition of pollen tube growth, as has been reported in vitro for AtRALF4 and SlPRALF from Solanum lycopersicum (Covey et al., 2010; Morato do Canto et al., 2014) .
This hypothesis is further supported by the finding that, in A. halleri pistils treated with pollen from A. lyrata, neither thionins nor other genes associated with immunity are up-regulated. Instead, in A. halleri pistils selfed or pollinated with A. lyrata pollen, we observed the down-regulation of NBS-LRRs, a DEFL, the PCD protease AtCEP1, as well as MOS7, a component of the nuclear pores required for innate immunity (Fig. 7B) . Because A. halleri and A. lyrata form natural hybrids (Shimizu-Inatsugi et al., 2009 ), this response suggests that A. halleri pistils actively recognized their own and A. lyrata pollen as compatible, and this resulted in the down-regulation of genes that might potentially inhibit pollen tube growth.
Most of the A. thaliana and A. halleri genes downregulated during Fusarium infection and in response to pollination belong to two large groups of CRPs homologous to those that, in Brassica spp., encode the SCR male component of self-incompatibility, SCR-like genes (SCRLs), and DEF-related pollen coat proteins (PCPs; Vanoosthuyse et al., 2001) . The roles of both SCRLs and LCRs, putative homologs of Brassica spp. PCP genes (Broekaert et al., 1995) , in self-compatible A. thaliana are not clear, but their down-regulation suggests that they might fulfill similar roles, such as protecting pollen and other reproductive structures from pathogen attack. Like other DEFLs, these LCR and SCRL genes potentially encode antifungal peptides (Thevissen et al., 2004; Sagaram et al., 2011) . We hypothesize that their basal expression in unpollinated pistils and in pollen is part of the innate defense mechanisms protecting flower organs and gametophytes and, thus, is down-regulated by Fusarium infection (Chen et al., 2009 ). During pollination, these genes are likely down-regulated, because their products could cause nonspecific pollen tube growth arrest and burst, as has been shown for the gametophyte-specific DEFL ZmES4 (Amien et al., 2010) .
Immunity and Pollen Defense Responses Appear to Be Initiated by Similar Recognition Mechanisms
It is already known that recognition mechanisms in self-incompatibility systems and host-pathogen interactions share common characteristics regarding their morphological, genetic, and signaling pathways (Sanabria et al., 2008; Dresselhaus and Márton, 2009) . Pistils are an ideal experimental model in which to systematically investigate the genetic basis of these two processes and in which to identify candidate genes mediating intraspecific and interspecific pollen recognition. Our comparative meta-analysis showed that many DEGs are similarly regulated in response to fungal infection as well as interspecific and intraspecific pollination.
In both plant species, we identified a set of DEGs encoding proteins involved in immunity, like IOS1 and NOI1. These candidates are particularly interesting because they could interact with nonself molecules derived from pathogens or foreign pollen in the reception of interspecific pollen and further relay signals that result in pollen tube rejection and/or activation of the hypersensitive response. Evidence favoring a double role for IOS1 is that it contains a malectin-like extracellular domain like FERONIA (FER), a CrRLK1 LRR-RLK involved in both pollen tube reception and infection by powdery mildew fungus (EscobarRestrepo et al., 2007; Kessler et al., 2010; Hok et al., 2011 Hok et al., , 2014 . However, the role of IOS1 in pollen tube growth and/or fertilization still needs to be established. The up-regulation of NOI1 in pistils pollinated with A. lyrata and A. halleri pollen caught our attention because it encodes a RIN4 family member, well-known key regulators of defense. According to the guard hypothesis, the R protein RPM1 is activated by RIN4 phosphorylation and initiates effector-triggered immunity (Eschen-Lippold et al., 2016) . The up-regulation of NOI1 during interspecific pollen-pistil interactions suggests that this intracellular protein also might participate in the signaling pathway triggering pollen tube rejection.
The Transcriptomics of Arabidopsis Pistil Infection Provides Valuable Insights into the Genetic Basis of Plant-Fusarium Interactions
The thin-walled and nutrient-rich structures of the stigma and the transmitting tract facilitate fungal infection and provide direct access to ovules and developing seeds. Because of these characteristics, the Arabidopsis-Fusarium graminearum flower phytopathogenic model provides direct insight into the mechanisms that enable fungal infection and contribute to the reduction of seed set and yield decrease (Urban et al., 2002; Poppenberger et al., 2003; Brewer and HammondKosack, 2015) . Our transcriptome analysis of Fusariuminfected pistils provides a valuable resource for developing A. thaliana as a translational phytopathogenic model for FHB, because it reflects key biological processes also documented in the immune response of barley (Hordeum vulgare) and wheat (Triticum aestivum) to F. graminearum. As observed in the transcriptome of Fusarium-infected pistils, the infection of barley inflorescences and leaves up-regulates genes involved in the production of PR proteins, the detoxification of DON, as well as genes encoding cytochrome P450 monooxygenases, glutathione S-transferases, ABC transporters, glycosyltransferases, and peroxidases (Boddu et al., 2006; Chen et al., 2009; Bischof et al., 2011) .
Phytoalexins are important secondary metabolites with antimicrobial activity, synthesized as a result of biotic stress (for review, see Ahuja et al., 2012) . The transcriptomic profile of infected Arabidopsis pistils detected the up-regulation of genes encoding phytoalexin synthesis enzymes of the Brassicaceae-specific camalexin pathway (Su et al., 2011; Brewer and Hammond-Kosack, 2015) and other enzymes of the Trp secondary metabolic pathways important for the synthesis of additional antifungal substances (Bak and Feyereisen, 2001; Bednarek et al., 2009 ). The results of our analysis allow comparison of phytoalexin production pathways in pistils with those triggered by infection in leaves and roots, where most studies have been carried out.
The significant down-regulation of genes relevant to cell division and development in Fusarium-infected pistils provides an informative group of candidates in which to elucidate the basis of reduced seed set resulting from FHB as well as growth inhibition triggered by immunity (Smedegaard-Petersen and Tolstrup, 1985; Tian et al., 2003) . Initially, it was proposed that the growthimmunity tradeoff reflects competition for available energy resources and nutrients that, when limited, cannot be allocated to both processes simultaneously. Recent studies suggest that this tradeoff is better explained by the conflictive activation of hormone signaling pathways shared by the immune response and growth processes (for review, see Eichmann and Schäfer, 2015) . The identification of over 40 genes participating in the generalized, evolutionarily conserved down-regulation of cell division and development now provides a relevant group of candidates in which to investigate the hormonal and molecular basis of the growth-immunity tradeoff in the pistil. In addition to hormone signaling pathways, other factors like mycotoxins also could contribute to the observed down-regulation of genes involved in cell division in Fusarium-infected pistils. DON, the best characterized F. graminearum toxin, has mitotoxic effects on dividing plant cells, leading to chromosomal aberrations and other abnormalities that interfere with mitosis and development (Packa, 1998; Packa and Sliwinska, 2005; Masuda et al., 2007) .
CONCLUSION
Similarities between reproductive and immune responses in the pistil make it an attractive and informative system in which to approach the effects of plant-pathogen interactions in plant fertility and the evolution of cross talk pathways between gametophytes (for summary, see Fig.  8 ). Our analysis showed that A. thaliana and A. halleri display similar transcriptomic responses to Fusarium infection. Similarly, at the intersection of infection-pollination, both species showed significant down-regulation of a conserved group of DEFLs. However, A. thaliana and A. halleri diverge in their transcriptional response to foreign pollen, possibly due to their distinct reproductive compatibility with A. lyrata. Overall, our transcriptomic analysis identified distinct groups of CRPs and RLKs usually associated with immune responses, like those encoding thionins and DEFLs or RLKs like IOS1, FLS2, and EFR, which, given their patterns of expression, also might participate in the reception of interspecific pollen (Fig. 8) . This suggests that, during the evolution of reproductive structures, flowering plants likely adapted existing signaling pathways from the immune system to recognize and react to their own and foreign pollen grains/tubes. This hypothesis is supported by the pattern of gene expression shared by pistils during both infection and pollination. However, RLKs, DEFLs, RALFs, and NBS-LRRs form functionally dynamic gene families probably even more ancient than the plant immune response, which have been repeatedly coopted to mediate communication in different biological processes.
MATERIALS AND METHODS

Plant Material and Growth Conditions
Seeds of Arabidopsis thaliana ecotype Columbia were sown on soil and kept for 3 d at 4°C in the dark to promote seed stratification. Seedlings were grown in long-day conditions (16 h of light at 21°C and 8 h of darkness at 18°C, in 60% humidity) to induce flowering. Seeds of Arabidopsis halleri ecotype DE-1-Heidelberg were surface sterilized (washing stepwise in 70% ethanol (v/v), 50% bleach (v/v) , and sterile distilled water) and grown on a Murashige and Skoog plate during stratification at 4°C for 10 d, after which they were moved into long-day conditions. Germinated plants were transferred to soil after 14 d. A. halleri plants with healthy rosettes were transferred to a vernalization chamber for 10 weeks at 4°C before they were moved to long-day conditions to induce flowering. Seeds of Arabidopsis lyrata MN47 were surface sterilized and kept in sterile water at 4°C for about 3 weeks in a horizontally placed Falcon vial. Seedlings were transferred to soil and grown under long-day conditions for 2 months. Next, plants with healthy rosettes were vernalized at 4°C for 10 weeks, after which they were moved back to long-day conditions to induce flowering.
Pollination Experiments
Flowers of Arabidopsis species at developmental stage 12 (Smyth et al., 1990) were emasculated 24 h before pollination. Unpollinated pistils of Arabidopsis species were collected 24 h after emasculation and quickly frozen in liquid nitrogen. Pistils of emasculated flowers of A. thaliana or A. halleri were selfed or pollinated with pollen from other Arabidopsis species, as illustrated in Figure 1 . For each condition tested, three biological replicates, each consisting of about 60 pistils, were collected 8 HAP. Material was immediately frozen in liquid nitrogen and stored at 280°C before further processing.
Aniline Blue Staining
Aniline Blue staining of pistils was performed after Coimbra et al. (2010) as follows. Pollinated pistils were fixed with absolute ethanol:glacial acetic acid (3:1, v/v) for 1 to 3 h, washed three times for 5 min with sterile distilled water, and bleached overnight with 8 N NaOH. Samples were washed three times with water for 1 h and thereafter stained with Aniline Blue (0.1% Aniline Blue [w/v] dissolved in 100 mL of 0.1M K3PO4) for 30 to 60 min and observed with a fluorescence microscope at 350 to 400 nm.
Fusarium graminearum Culturing and Infection
We employed F. graminearum strain SG005/Fg005, a single-spore isolate obtained in 2008 from spring barley (Hordeum vulgare) grain harvested in Freising, Germany (Linkmeyer, 2012) . This strain was propagated in induction medium (1 g L 2 1 yeast extract, 15 g L 2 1 carboxyl methyl cellulose, 1 g L 2 1
NH 4 NO 3 , 1 g L 21 KH 2 PO 4 , and 0.5 g L 21 MgSO 4 0•7H 2 O) at 28°C for 10 to 14 d and then filtered through a sterile Spandex bandage. The filtrate was centrifuged at 5,000 rpm for 10 min at 4°C, and the supernatant was discarded. Inoculation medium for infection consists of conidia resuspended in sterile distilled water containing 1% Tween to a final concentration of 8 to 9 3 10 5 spores mL
21
. As described above, flowers of Arabidopsis species were emasculated 24 h before inoculation. Flowers were dipped into conidial suspension for 20 min followed by spraying of conidial solution onto pistils. Plants were covered with a plastic bag sprayed with water to maintain relative humidity and favor the development of Fusarium infection for 72 h under long-day conditions. Following incubation, pistils and cauline leaves were collected, immediately frozen in liquid nitrogen, and stored at 280°C before further processing.
Fusarium infection was visualized in leaves and pistils by WGA-TMR staining after Hoefle et al. (2011) . In brief, leaves and pistils were fixed in a solution of 750 mL of ethanol, 250 mL of chloroform, and 1.5 g of trichloroacetic acid for 2 d, then washed with distilled water, incubated for 20 min in 13 phosphate-buffered saline buffer (8 g of NaCl, 2.8 g of Na 2 HPO 4 •2H 2 O, 0.24 g of KH 2 PO 4 , and 0.2 g of KCl in 1 L of water, pH 7.4), and transferred to 5 mL of WGA-TMR staining solution (5 mL of 13 phosphate-buffered saline, 50 mg mL 21 BSA, and 50 mL of WGA-TMR). After vacuum infiltration for 20 min, leaves and pistils were incubated in the staining solution for at least 24 h in the dark. Before staining, some samples were cleared with chloral hydrate as follows. Pistils were fixed overnight in ethanol:acetic acid (9:1, v/v) and then washed stepwise for 30 to 60 min with 90% (v/v) and 70% ethanol (v/v) . Finally, samples where cleared overnight in a solution of chloral hydrate (2.5 g of chloral hydrate to 1 mL of 30% glycerol v/v). Leaves and pistils were viewed using a confocal laser scanning microscope (LSM 510). Samples were excited by a 561-nm laser line, and emission was detected at 571 to 610 nm.
RNA Extraction and Preparation of cDNA Libraries
Total RNA was extracted from all tissues using the RNeasy Mini Plant Kit (Qiagen), cleaned from any residual genomic DNA, and tested for integrity and concentration with a Bioanalyzer 2100 using an RNA 6000 Nano assay (Agilent Technologies). All cDNA libraries were prepared from 500 ng of total RNA using the TruSeq RNA sample preparation kit (Illumina) at the Center for Fluorescent Bioanalytics (University of Regensburg). Libraries were quantified using the KAPA SYBR FAST ABI Prism Library Quantification Kit (Kapa Biosystems). Equimolar amounts of each library were pooled, and the pools were used for cluster generation using cBot (TruSeq PE Cluster Kit version 3). Sequencing runs were performed on a HiSeq 1000 instrument using the indexed 2 3 100 cycles paired-end protocol and TruSeq SBS version 3 reagents. Image analyses and base calling, which yield .bcl files, were converted into .fastq files with CASAVA 1.8.2 software. Libraries were multiplexed to obtain 50 to 60 million reads with a mean quality score of at least 37 per biological replicate.
RNA-seq and Transcriptomic Analyses of Differential Gene Expression
Read quality was assessed with FastQC (Babraham 2011) and trimmed in the first and last 15 residues of every read. Trimmed reads were mapped with CLC Genomics Workbench 7 (Qiagen) to the corresponding Columbia-0 TAIR10 version of the A. thaliana genome or to version 1.1 of the A. halleri genome downloaded from Phytozome (phytozome.jgi.doe.gov) as follows: mapping only to gene regions (A. thaliana) or to genic and intergenic regions (A. halleri ), 10 maximum number of hits for a read, both strands, count paired reads as two, expression value as total counts, no global alignment, similarity fraction = 0.8, length fraction = 0.8, mismatch cost = 2, insertion cost = 3, and deletion cost = 3.
Variations in the levels of expression between the biological replicates of each condition were assessed via box plots and principal component analysis. To maintain similar levels of variation between biological replicates, only the two most similar samples of each experimental and control condition were further considered for the analysis of differential gene expression (Supplemental Table S1 ). Differential gene expression was investigated with the exact test for two-group comparisons from edgeR (Robinson et al., 2010) implemented in the CLC Workbench. In this analysis, read counts obtained from pollinated or infected pistil treatments described previously were compared with the corresponding samples of untreated pistils of A. thaliana or A. halleri. We considered genes as DEGs that had an FDR-corrected P , 0.0005 and an expression fold change $ 2 (up-regulation) or # 22 (down-regulation) and that were expressed with RPKM $ 1.
Analysis of GO Terms
Venn diagrams were employed to identify unique and shared elements in the lists of DEGs in each experimental condition (Bardou et al., 2014) . First, genes differentially expressed in both pistils and leaves were identified and excluded. The resulting data set of pistil-exclusive genes was further analyzed to define three major groups of genes exclusively up-and downregulated in infected pistils, pistils pollinated with foreign pollen, or differentially expressed both in pistils during infection with F. graminearum and during pollination (selfing and interspecific). These groups of DEGs were tested for significant overrepresentation of GO terms based on their annotation in the Panther classification system of the Gene Ontology Reference Genome Project (version 11.0; pantherdb.org). Overrepresentation tests were performed based on the reference list of A. thaliana and the complete annotation data sets of GO terms describing biological processes. Overrepresentation tests for A. halleri DEGs were based on GO annotation of best hits in the A. thaliana genome. All analyses were Bonferroni corrected for multiple testing.
qPCR Assays cDNA was synthesized from total RNA samples originally employed for transcriptome sequencing. This assay involved two biological replicates, each represented by two cDNA pools that provided the template for two technical replicate reactions. The synthesis of cDNA was performed with the SuperScript III RT kit (Invitrogen), starting from 1 mg of total RNA and using poly-T primer AB05 as described previously (Mondragón-Palomino and Theissen, 2011) . All primers were designed with the programs Primer Premier 6 and Beacon Designer 8 from Premier Biosoft and ordered from the supplier Biomers. Amplification efficiencies were calculated based on standard curves as described previously (Mondragón-Palomino and Theissen, 2011) . Primer sequences with their corresponding melting temperatures and amplification efficiencies are provided in Supplemental Table S2 . Standard 20-mL qPCR with KAPA SYBR FAST qPCR MasterMix Universal (Peqlab) was performed in a Mastercycler ep realplex gradient S (Eppendorf). Each assay included the following controls: nontemplate, -RT control, and positive. The specificity of reactions was assessed via melting curves and amplicon size on agarose gels. Resulting Cq (cycle of quantification) values were imported into qbase+ (Biogazelle). Quality control settings required that Cq values from technical replicates differ by less than 0.5 cycles, and the specific amplification efficiencies were determined by standard curves. Normalization was based on two internal reference genes, AT2G19270 and AT1G10310. These genes were chosen because they are not differentially expressed in any of the conditions investigated. The resulting calibrated normalized relative quantities were then exported into Excel and log 2 transformed for further analysis and calculation of fold change values.
Molecular Phylogeny
The amino acid sequences for annotated thionins of A. thaliana, A. halleri, A. lyrata, and Capsella grandiflora were downloaded from Phytozome version 10.3 and aligned with the MUSCLE program implemented in SeaView 4.5.3. (Gouy et al., 2010) . The maximum likelihood gene tree was estimated with the program PhyML using the GTR model, starting with the topology of an optimized BioNJ tree. Branch support was calculated with aLRT (SH-like), and invariable sites and across-site rate variation were optimized. Tree-searching operations took the best result from Nearest-Neighbor-Interchange and Subtree-Pruningand-Regrafting.
Accession Numbers
Data will be available from the National Center for Biotechnology Information Sequence Read Archive under project number PRJNA384934. All other materials are available from the authors upon request.
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